Most of the available analytical techniques do not comply with the need for direct trace element analysis of samples of mass exceeding the order of grams. Instead sub-sampling methods are used to obtain representative sampling of the studied material. Large Sample Neutron Activation Analysis (LSNAA) is a powerful technique, which can fulfill this need in a non-destructive way, free of sample size restrictions due to the high penetrating properties of neutrons and gamma rays in matter.
applications, such as authenticity and provenance studies, where the analyzed objects need to be preserved intact or representative sampling from the bulk material cannot be performed. Furthermore, in the case of heterogeneous materials (for example sediments or scrap) representative sub-sampling is often a very difficult or even impossible task.
The particular advantage of NAA being non-invasive and true multi-element technique is combined in Large Sample Neutron Activation Analysis (LSNAA) with the ability to analyze bulk objects, up to several liters in volume, as a whole. Based on the fact that both neutrons and gamma rays have mean free paths of several centimetres within materials, LSNAA enables non-destructive analysis of large samples, implying a number of additional advantages. First, since there is no need for sub-sampling, the technique provides the ability to analyze materials that are too precious to remove small parts from, such as art objects. Moreover, representative sampling and homogeneity problems are less important with large sample analysis of heterogeneous materials. Furthermore, facilities having relatively low neutron flux irradiation positions (10 6 -10 9 cm -2 s -1 ), e.g. thermal columns in nuclear reactors, are adequate for carrying out analysis, since the loss in neutron fluence rate is compensated by the larger mass of the sample. This means that small and medium size reactors or reactor independent irradiation facilities (isotopic neutron sources or neutron generators) could also be used. In addition, since neutron irradiation of the large sample is performed at a lower neutron fluence rate (i.e. 10 7 cm -2 s -1 ) than that used for the conventional NAA (i.e. 10 13 cm -2 s -1 ), the residual specific radioactivity of the sample is small and the sample can be removed from regulatory control within a minimum cooling time without any further sample radioactivity concern.
The ability to analyze whole objects distinguishes LSNAA among the analytical techniques since other established non-destructive methods (i.e. XRF, PIXE) can only analyze superficial layers of the sample and therefore provide limited information over the whole volume of the object. Moreover, LSNAA is not affected by post-depositional elemental alterations [1] since the analytical information is provided from the whole volume of the bulk object and not only from the surface layers of the material.
Method
In LSNAA the sample is irradiated in a neutron field, usually at a research reactor graphite thermal neutron column, and subsequently transferred to a gammaray spectrometry system to be counted either as a whole or using a scanning geometry counting configuration. Analysis of the acquired gamma spectra allows the determination of the elements present as well as the calculation of their concentration in the studied sample. Neutron source, gamma ray detector, experimental configuration and method of analysis have been optimized on the basis of the individual application and elements of interest.
Several reactors have developed or are in the procedure of developing new irradiation facilities appropriate for large sample analysis. Neutron sources used for activation range from miniature to high power reactors, neutron generators and neutron beams. Some of these facilities are listed in Table 1 , based on data provided by International Atomic Energy Agency (IAEA) [2] . A schematic representation of the thermal column irradiation facility at the Greek Research Reactor (GRR-1) is shown in Figure 1 . They also provide the ability to perform photon transmission measurements in order to assess the effective linear attenuation coefficient of the sample material. The GRR-1 gamma counting system used for LSNAA is shown in Figure 2 . Several calibration techniques such as the comparative method [18] and the internal standard method [19] have been proposed. Furthermore, the theoretical modelling of the irradiation and measurement processes and the employment, in particular, of Monte Carlo simulations for the study of thermal neutron self-shielding and gamma ray attenuation within large samples have been presented [20, 21] .
NCSR 'Demokritos' group used Monte Carlo neutron transport code MCNP to model the irradiation and counting facilities and derive the respective correction factors for a set of materials of interest for LSNAA [7, [21] [22] . In Figure 3 Other examples include provenance studies of Brazilian Tupi-Guarani tradition pottery [3] and Peruvian ceramics [12] , analysis of large and non-standard geometry archaeological samples [24] , compositional studies on ancient pottery samples obtained from Buddhist sites of Andhra Pradesh in India [25] as well as authenticity identification of intact ancient Chinese porcelain ware [4] .
In the field of geology, Fernandes and Bode have employed LSNAA to study uranium mining waste rocks [26] . Moreover, the application of the technique for nondestructive analysis of bulky meteorite samples has been demonstrated by Islam et al [9] . A method for the evaluation of the presence of inhomogeneity and determination of the spatial distribution of radioactivity in the sample has been developed by Baas et al [27] and successfully applied for testing trace element homogeneity in Brazilian coffee beans [28] .
LSNAA technique has been also used in life sciences for the in vivo determination of elemental concentrations in small animals [29] and the analysis of large organic samples [30] . Material technology and waste characterization studies are included in the wide variety of LSNAA applications. Acharya et al have employed
LSNAA to study irregular shape and size nuclear cladding materials of zircaloys, stainless steels and aluminum as well as large size synthetic solid and liquid samples [31] [32] [33] . Activation analysis studies of large volume electronic waste material and municipal solid waste have been reported by Segebade et al [34] and Haddad and Alsomel [15] respectively.
Furthermore, the capabilities of LSNAA in the case of large inhomogeneous samples have been discussed. Vasilopoulou et al [35] demonstrated the feasibility of high-quality quantitative analysis of non-homogeneous samples using an in-house developed reference material.
Developments and Perspectives
Previous studies have shown that trueness of LSNAA depends on the inhomogeneity of the sample material and investigated the uncertainties associated with the presence of inhomogeneities in a large sample [36, 37] . The results of these studies suggested that some a priori knowledge on the distribution of activity within the sample is necessary in order to perform accurate quantitative analysis. The The results of the calculations were then combined with the acquired gamma spectrometry data in order to evaluate the activity of the sample. The calculated activity was compared against the reference one and an excellent agreement was observed in the case where the inhomogeneity distribution was taken into account and applied on the experimental data (Table 3) . [39] .
Conclusions
Unlike 
